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Summary
Objective: To compare the effects of hydrogen peroxide (H2O2) to those of interleukin-1b (IL-1b) on gene expression in juvenile bovine
articular chondrocytes (BAC). The study analyses the activation of nuclear factor-kappa B (NF-jB) and activator protein-1 (AP-1) transcription
factors, and the mRNA steady-state levels of the type II collagen, aggrecan core protein matrix, metalloproteinases (MMP-1, -3), and
transforming growth factor-b1 (TGF-b1) genes.
Methods: Conﬂuent BAC cultures were treated for 3 and 24 h with IL-1b and/or different concentrations of H2O2 (Protocol 1). Following initial
treatment, a part of the cells was further subjected to another 24 h with medium, in the presence of IL-1b, to determine the effect of the cytokine
on H2O2 pre-treated cells (Protocol 2). Total RNA and nuclear protein extractions were performed to study mRNA steady-state levels (real-time
polymerase chain reaction) and AP-1/NF-jB DNA binding (Electrophoretic Mobility Shift Assays), respectively.
Results: IL-1b enhanced both AP-1 and NF-jB binding, whereas H2O2 only activated AP-1. H2O2 pre-treatment decreased the IL-1b activation
of NF-jB. Both H2O2 and IL-1b down-regulated type II collagen and aggrecan expression and increased that of MMP-1 and -3. When cells
were pre-treated with H2O2, followed by IL-1b, the effects were the same as those observed with H2O2 alone. However, although H2O2 and
IL-1b were capable of increasing TGF-b1 expression separately, subsequent incubation with both factors led to a partial or total abolition of
TGF-b1 up-regulation.
Conclusion: The different regulation of NF-jB and AP-1 by H2O2 and IL-1b underlines the distinct roles played by the two transcription factors
in the regulation of gene expression. H2O2 and IL-1b exert similar effects on matrix, MMPs and TGF-b1 gene expression. However, the
association of H2O2 and IL-1b does not cause synergic effect, and rather leads, in some cases, to an opposite effect. These data provide
further insights into the respective roles of reactive oxygen species and cytokine in the pathophysiology of joint diseases.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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SocietyIntroduction
Progressive loss of cartilage is one of the main features of
cartilage aging and joint diseases1. Degradation of the
cartilage matrix results from an imbalance between
chondrocyte anabolic and catabolic activities. The pro-
inﬂammatory cytokines, interleukin-1 (IL-1) and tumor
necrosis factor-a (TNF-a), play a pivotal role in this
metabolic dysfunction. They are locally produced in excess
by both chondrocytes and cells of the inﬂamed synovial
tissue, and induce the degradation of the cartilaginous
matrix, while inhibiting its synthesis2,3. The involvement
of IL-1 in cartilage degradation was established from
studies showing that intra-articular administration of IL-1 in
rabbit and mouse joints resulted in prolonged loss of
proteoglycans from the cartilage4,5. In cultured chondro-
cytes, IL-1 induces the production of prostaglandins6 and
cartilage matrix degrading enzymes, such as the matrix
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whereas the synthesis of type II collagen and proteoglycan
is depressed8. IL-1 also regulates the expression of several
NF-jB and AP-1 dependent genes, including cyclooxyge-
nase-29, inducible nitric oxide synthase (iNOS)10 and
MMPs11,12. Interestingly, IL-1b is capable of stimulating
transforming growth factor-b1 (TGF-b1) expression in
chondrocytes13. In turn, TGF-b1 can antagonize most of
the deleterious effects of IL-1b and, therefore, may
potentially exert beneﬁcial effect on cartilage homeostasis
and repair14.
Besides cytokines and mechanical stimuli, reactive
oxygen species (ROS) have also emerged as major factors
in the regulation of chondrocyte metabolism, during both
normal and pathological conditions. ROS encompass
several molecular species such as superoxide radical
(O2
c), hydrogen peroxide (H2O2), nitric oxide (NO
c) and
hydroxyl radical (cOH)15. These highly reactive molecules
are known to regulate many important cellular events,
including gene expression16, transcription factor activa-
tion17, DNA damage18, cellular proliferation19 and apopto-
sis20. In affected joint, ROS are mainly produced by
polymorphonuclear leukocytes and macrophages21 but
chondrocytes can also produce them22. IL-1 has been5
916 G. Martin et al.: Comparative effects of IL-1b and H2O2 on gene expression in chondrocytesfound to induce release of several ROS from chondrocytes,
including hydrogen peroxide23 and NOc24. ROS participate
in cartilage matrix degradation, by contributing to the
catabolism of collagen, proteoglycans and hyaluronan,
and the impaired synthesis of these matrix molecules25.
Moreover, ROS are involved in the activation of intracellular
signaling pathways such as those elicited by the IL-1
signal10,26.
H2O2, a membrane-permeable reagent physiologically
produced in large amounts by chondrocytes, has been
widely used to assess the effects of ROS on chondrocytes
in vitro. Its destructive potential has also been evaluated in
vivo, using intra-articular injection of cationic glucose
oxidase into mouse knee joints. Injection of this enzyme
produces H2O2, causing a severe monoarthritis which can
be suppressed by intra-articular administration of cata-
lase27. H2O2 has been reported to inhibit proteoglycan
synthesis in bovine articular chondrocytes (BAC) and to
take part in the degradation of aggrecan28. It modulates
gene expression via the activation of MAPK pathways and
the AP-1 transcription factor12. In chondrocytes, H2O2 does
not activate the transcription factor NF-jB, in contrast to
a number of other cell types29.
Since osteoarthritis (OA) cartilage is exposed to both IL-1
and ROS, we investigated the effects of IL-1b and H2O2,
separately or in combination, on several aspects of
chondrocyte gene expression. More precisely, we exam-
ined the effects of IL-1b and/or H2O2 on the activity of NF-
jB and AP-1 transcription factors and on the expression of
genes related to chondrocyte anabolism and catabolism.
Our objectives were to determine if H2O2 effects were
distinct from those of IL-1b or if H2O2 was a component of
IL-1b signaling. We also compared the respective effects of
a pre-treatment with either IL-1b or H2O2, followed by
a subsequent exposure to the combined factors.
Our results suggest that IL-1b and H2O2 produce similar
effects on genes encoding type II collagen, aggrecan, TGF-
b1, MMP-1 and MMP-3. However, IL-1b and H2O2 did not
modulate NF-jB and AP-1 transcription factors in the same
ways.
Materials and methods
REAGENTS
Anti-p50, c-Rel, p65, c-jun, c-fos and JunB polyclonal
antibodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). The oligonucleotide probes:
AP-1 (5#-CGCTTGATGAGTCAGCCCGGAA-3#) and NF-jB
(5#-AGTTGAGGGGACTTTCCCAG GC-3#) were supplied
by Invitrogen (Cergy Pontoise, France). All other chemicals
were of the highest purity (SigmaeAldrich Co., St Quentin-
Fallavier, France). Human recombinant IL-1b was a gener-
ous gift from Dr Soichiro Sato, Shizuoka, Japan.
CULTURE AND TREATMENT OF BAC
Chondrocytes were isolated from metacarpophalangeal
joints of freshly slaughtered calves, using sequential
digestion with type XIV protease and type I collagenase in
Dulbecco’s Modiﬁed Eagle Medium (DMEM, Invitrogen)30.
The cells were seeded in DMEM containing 10% heat-
inactivated fetal bovine serum (FBS, Invitrogen) and
antibiotic/antimycotic (penicillin, erythromycin, and fungi-
zone). After reaching conﬂuency (8e10 days), the primary
cultures were treated with H2O2 (50e250 mM), IL-1b (10 ng/ml) or the combination H2O2/IL-1b, following the protocols
shown in Fig. 1. H2O2 treatment was performed in earle’s
balanced salt solution (EBSS) rather than in DMEM to
prevent oxidation of organic molecules contained in culture
medium, such as glucose. A 3-h treatment in EBSS and
H2O2 was performed to evaluate the transcription factor
binding activity while a 24-h period was used to determine
the steady-state levels of mRNAs. These incubation periods
were chosen according to the time required by IL-1b to act
on transcription factor activity and gene expression. For
some cultures, the incubation with H2O2 was followed by
a second incubation in 1% FBS containing DMEM to
evaluate long-term effect of oxidative stress. Co-incubation
with both H2O2 and IL-1b, and incubation with H2O2
followed by a second incubation with IL-1b were performed
to search for potential relationships between these two
treatments and also to determine whether H2O2 could be
a component of IL-1 effects (Fig. 1). In addition, it was
interesting to see whether pre-treatment with H2O2 before
IL-1 addition could provide information on the way the
chondrocytes may respond to the cytokine when the cells
have already been triggered with the hydroperoxide. One
can imagine that in OA, cartilage could be submitted ﬁrst to
hydroxyperoxide as a result of lesion, and later on to IL-1.
PREPARATION OF CYTOPLASMIC AND NUCLEAR EXTRACTS
Cells were rinsed twice with phosphate-buffered saline
and scraped in a hypotonic buffer. After centrifugation at
10,000! g for 10 min, the resulting supernatants were
used as cytoplasmic extracts. The pellet was incubated in
hypertonic buffer for 4 h at 4(C and centrifuged at
10,000! g for 30 min to provide nuclear extracts31. The
protein amount was determined by the Bradford’s colori-
metric procedure, using a commercial kit (Bio-Rad S.A., Ivry
sur Seine, France).
ELECTROPHORETIC MOBILITY SHIFT ASSAYS (EMSA)
Nuclear extracts (10 mg of protein) were incubated in
binding buffer at 25(C for 30 min with the double strand
oligonucleotide probes, previously labeled with 32P-g-ATP
(25 fmol) using T4 polynucleotide kinase (Life Technolo-
gies, Inc.). Sequences of the probes used in this study are
indicated as follows: NF-jB Wt: 5#-AGTTGAGGGGACT
TTCCCAGGC-3# and Mt: 5#-AGTTGAGGCGACTTTCC
CAGGC-3#; AP-1 Wt: 5#-CGCTTGATGAGTCAGCCCG
GAA-3# and Mt: 5#-CGCTTGATGACTTGGCCCGGAA-3#.
Consensus sites are underlined and the mutated sequen-
ces in oligonucleotides are in bold. Final binding reaction for
NF-jB was performed in 20 mM Hepes (pH 7.5), 50 mM
18 h 3 h
or
24 h
Confluent
cells
Total RNA extraction
or nuclear protein
preparation 
EBSS DMEM + 1    FBS
Η2Ο2 50 −250 µΜ
+/−
ΙΛ−1   10 νγ/µλ
1 week
DMEM + 10    FBS DMEM + 1    FBS
Incubation 1 Incubation 2
24 h
Total RNA extraction, nuclear
extract preparation or
incubation 2  
Bovine articular
chondrocytes
(Primary culture)  
+/-
IL-1   10 ng/ml
Fig. 1. Scheme of the experimental protocols for culture treatment.
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acid (EDTA), 0.5 mM dithiothelitol (DTT), 0.05% NP40,
20% glycerol, 1 mg/ml bovine serum albumin (BSA),
0.025 mM poly dI-dC. Binding reaction mixture for AP-1
was composed of 20 mM Hepes, 2 mM TriseHCl pH 8,
1 mM DTT, 80 mM NaCl, 10% (v/v) glycerol, 0.2 mM
phenlymethyl sulfonyl ﬂuoride (PMSF), 0.4 mM EDTA,
0.2 mM ethylene glycol-bis (2-aminoethylether) N,N,N#,N#-
tetracortic acid (EGTA). The samples were then submitted
to 8% polyacrylamide gel electrophoresis (PAGE) in 0.5!
TBE (45 mM Tris (pH 7.8), 45 mM Boric acid and 1 mM
EDTA) and visualized by autoradiography.
RNA EXTRACTION
Total RNA was puriﬁed by the guanidium isothyocyanate
phenol chloroform procedure. RNA was resuspended in
diethylpyrocarbonate-treated H2O to a concentration of
0.2 mg/ml. Total RNA (10 mg) was loaded on agarose
electrophoretic gel (3(N-morpholino) propane-sulfonic acid
(MOPS)eformaldehyde) to evaluate the integrity of RNA
samples and the potential contamination with genomic
DNA.
REVERSE TRANSCRIPTION REACTION
Total RNA (2 mg) was treated for 15 min at room
temperature with 2 U of DNase I (Invitrogen). The DNase
I was inactivated by the addition of 1 ml of 25 mM EDTA and
heating at 65(C for 10 min. Then, RNA samples were
reverse transcribed into cDNA using 50 pM of random
hexamer in the presence of the reverse transcriptase (RT)
buffer, 200 U of RT (M-MLV RT, Invitrogen), 40 U of
ribonuclease inhibitor (RNase out, Invitrogen) and 0.5 mM
of each dNTP for 1.5 h at 37(C. Samples were heated for
15 min at 90(C to stop the enzymatic reaction. To check for
the lack of genomic DNA, 0.4 mg of DNAse-treated RNA
was ampliﬁed and compared with the ampliﬁcation of 0.4 mg
of cDNA from the reverse transcription reaction. We
ampliﬁed the 18 S RNA as a reference, using a standard
polymerase chain reaction (PCR) procedure, cycling
parameters including an initial denaturation step for 5 min
at 95(C, followed by 40 cycles of 1 min at 95(C, 1 min at
55(C and 1 min at 72(C.
PRIMER DESIGN
The sequences were designed using the Primer Express
software (Applied Biosystems). For all genes, the primers
were located in different exons to distinguish signal
generation resulting from ampliﬁcation of genomic DNA to
those of cDNA. Moreover, primer sequences have been
chosen in conservative regions, allowing the ampliﬁcation of
both bovine and human genes.
PRIMER SEQUENCES
Type II collagen: sense 5#-GCATTGCCTACCTGG
ACGAA-3#, antisense 5#-CGTTGGAGCCCTGGATGA-3#
(400 nM); aggrecan core protein: sense 5#-TCGAGGA
CAGCGAGGCC-3#, antisense 5#-TCGAGGGTGTAGCG
TGTAGAGA-3# (800 nM); 18 S RNA: sense: 5#-CGGCTAC
CACATCCAAGGAA-3#, antisense: 5#-GCTGGAATTACCG
CGGCT-3# (300 nM); MMP-1: sense 5#-GACCAGCAA
TTTCCAAGATTATAACTT-3#, antisense: 5#-CCAAGGGAA
TGGCCAAA-3# (600 nM); MMP-3: sense 5#-TTCTTCTGGCGGCTGCAT-3#, antisense 5#-GGTTCGGGAGGCA
CAGATT-3# (400 nM). Sizes of ampliﬁcation products:
aggrecan: 85 bp, type II collagen: 200 bp, MMP-1: 65 bp,
MMP-3: 66 bp and 18 S RNA: 70 bp.
QUANTITATIVE PCR
cDNA samples were diluted to 1/100 and used in real-
time PCR analysis (quantitative PCR). PCR assay was
performed in a 25-ml reaction mixture containing 5 ml of
cDNA dilution, 2! SYBER Green PCR Master Mix (Applied
Biosystems) and 300e800 nM of each primer. The samples
were placed in the ABI Prism 7000 SDS (Applied
Biosystems) and, after a ﬁrst cycle at 95(C for 10 min,
cDNAs were ampliﬁed for 40 cycles at 95(C for 15 s,
followed by 60(C for 1 min. For each polymerization
experiments, the cDNA used was diluted (101, 102,
103, 104) in order to establish a standard curve and
deﬁne the exact number of cycles corresponding to 100%
efﬁciency of polymerization. Reactions were set up in
triplicate and relative expression of each gene was obtained
by normalizing the amount of gene product of interest to that
of the 18 S RNA. 18 S RNA was chosen according to its
stable expression in chondrocyte under oxidative stress or
IL-1b treatment. Relative quantity of cDNA was calculated
from the number of cycles corresponding to 100% efﬁciency
of polymerization, using the 2DDCT method32.
STATISTICAL ANALYSIS
Three different experiments were performed. The values
are expressed as meansG S.E.M. and the signiﬁcance of
differences was calculated with the Student’s t test
(*P% 0.05; **P% 0.01; ***P% 0.001).
Results
H2O2 ACTIVATES TRANSCRIPTION FACTOR
AP-1 BUT NOT NF-jB
A 3-h treatment with either IL-1b or H2O2 did not
signiﬁcantly enhance the binding of AP-1 [Fig. 2(A), lanes
1e8]. Furthermore, co-incubation with IL-1b and H2O2 was
found to markedly reduce the basal and IL-1-induced AP-1
activation [Fig. 2(A), compare lanes 7 and 8 to 1 and 2]. The
same treatment with H2O2 was without effect on NF-jB
binding, which was activated by IL-1b [Fig. 2(B), lanes 1e8].
When BAC were pre-treated with H2O2 for 3 h, followed
by exposure to IL-1b for 24 h, the data obtained were
different. First, we found a strong activation of AP-1 and no
more signiﬁcant binding of NF-jB [Fig. 2(A,B), lanes 12e14
compared to lane 9]. However, the extent of AP-1 activation
induced by a 3-h H2O2 pre-treatment was similar to that
induced by a 24-h exposure to IL-1b [Fig. 2(A), lanes 12e14
compared to lane 11]. It must be noticed that pre-treatment
with H2O2 for 3 h was as efﬁcient as a 3-h pre-incubation
with IL-1b [Fig. 2(A), lanes 13e14 compared to lane 10].
Finally, the activation produced by IL-1b in a 24-h
incubation was not signiﬁcantly altered by pre-incubation
with H2O2 [Fig. 2(A), lanes 15e17 vs lanes 10 and 11].
After the 3-h H2O2 pre-treatment of cultures, the following
24-h incubation in medium alone did not increase the
binding activity of NF-jB [Fig. 2(B), lanes 12e14]. H2O2
was found to suppress the IL-1b-induced activation, as
reﬂected by the dose-dependent decrease of DNA binding
observed in chondrocytes pre-treated with H2O2 [Fig. 2(B),
lanes 15e17 vs lane 11].
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Fig. 2. Effects of IL-1b and H2O2 on AP-1 and NF-jB DNA-binding activity. Conﬂuent BAC were treated with H2O2 (50, 100 or 250 mM) and/or
IL-1b (10 ng/ml). They were incubated for 3 h in EBSS and treated with IL-1b or/and H2O2, then nuclear extracts were prepared (incubation 1:
lanes 1e8) and a part of the cultures was further incubated for 24 h in DMEMC 1% FBS and treated with or without IL-1b (incubation
1C incubation 2: lines 9e17). AP-1 (A) and NF-jB (B) DNA binding were analyzed by EMSA, using speciﬁc 32P radio-labeled probes.From the preceding results, it was clear that AP-1
activation is not an early event of IL-1b or H2O2 mechanism
of action in chondrocytes, as a time delay of several hours
was generally required to detect a signiﬁcant DNA binding.
Therefore, we exposed chondrocytes to H2O2 for a longertime period. Cells were treated for 24 h, an incubation time
necessary to observe AP-1 activation with IL-1b. H2O2 (50
and 100 mM) was used in the presence or absence of IL-1b
(10 ng/ml). As shown in Fig. 3(A), IL-1b and H2O2 alone
caused a signiﬁcant increase of AP-1 DNA binding. H2O2Co
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Fig. 3. Effects of IL-1b and H2O2 on the DNA-binding activity of AP-1 and NF-jB. Conﬂuent BAC were treated with IL-1b (10 ng/ml) or/and
H2O2 (50 and 100 mM) for 24 h in EBSS. Then nuclear extracts were prepared and incubated with AP-1 (A) or NF-jB (B) consensus probes
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919Osteoarthritis and Cartilage Vol. 13, No. 10exerted a dose-dependent effect [Fig. 3(A), lanes 3e4 vs
lane 1]. Concomitant treatment with H2O2 and IL-1b for 24 h
strongly activates AP-1. However, transcription factor
binding decreases when H2O2 is used at 100 mM.
Regarding NF-jB, IL-1b alone caused a marked increase
of DNA binding whereas H2O2 treatment had no effect
[Fig. 3(B), lanes 3e4 vs lane 1]. Moreover, co-incubation
of H2O2 and IL-1b for 24 h decreased the IL-1b-induced NF-
jB activation.
BINDING SPECIFICITY AND COMPOSITION OF AP-1
AND NF-jB COMPLEXES INDUCED BY IL-1b
In order to deﬁne the speciﬁcity of complexes which
bound to AP-1 and NF-jB consensus probes used in this
study, we performed EMSA using nuclear extracts from
conﬂuent BAC treated or not with IL-1b for 24 h in the
presence or absence of unlabeled oligonucleotides con-
taining the consensus cis-element of AP-1, NF-jB wild type
(Wt) and their mutated sequences (Mt).
A 50-fold molar excess of Wt AP-1 probe prevented the
binding of the two complexes [Fig. 4(A), arrows]. In contrast,
a 50-fold molar excess of Mt AP-1 oligonucleotide did not
modify the binding of the higher molecular weight complex
(indicated by IC: inducible complex), whereas it suppressed
the binding of the lower molecular weight complex (shownas NIC: non-inducible complex). This indicates that only the
higher molecular weight complex results from speciﬁc
binding of proteins to consensus AP-1 cis-element.
In order to validate our experimental approach and
especially the consensus probe chosen in this study, we
performed EMSA using antibodies against AP-1 subunits.
Data shown in Fig. 4(B) indicate that the complexes were
formed by c-Fos and JunB. More precisely, the binding of
these antibodies to dimers composed of the subunits c-Fos
andJunBprevented thebindingofAP-1proteins on the radio-
labeled oligonucleotide, as reﬂected by a lower intensity of
the delayed complexes. However, these experiments do not
exclude the presence of other AP-1 subunits such as c-Jun.
The same approach was undertaken to characterize the
proteins bound to the NF-jB consensus probe [Fig. 4(C,D)].
Competition assay indicates that the two bands obtained
with nuclear extracts from IL-1b-treated cells resulted from
a speciﬁc binding [Fig. 4(C)]. Super-shift analysis with
antibodies against NF-jB subunits showed that addition of
anti-p65 antibody caused a slower migration of the higher
molecular weight complex [Fig. 4(D), arrows]. Furthermore,
addition of the anti-p50 antibody reduced the intensity of the
lower molecular weight complex, but did not generate
a super-shift. This indicates that association of anti-p50
antibody to NF-jB dimers prevented the binding of those
dimers to the oligonucleotide probe. Antibody against c-Relc-
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that the higher molecular weight complex is composed of
p65 (homodimer p65/p65 and heterodimer formed of p65
and another NF-jB subunit) and that the lower molecular
weight complex is partially composed of p50 subunits.
H2O2 DECREASES THE mRNA STEADY-STATE LEVEL OF TYPE
II COLLAGEN AND AGGRECAN CORE PROTEIN GENES
We then investigated the effect of IL-1b and H2O2 on
the expression of chondrocyte-speciﬁc matrix genes.
Steady-state levels of mRNA for type II collagen and
aggrecan core protein were measured with quantitative
real-time PCR. Conﬂuent BAC were submitted to H2O2
(50 mM and 100 mM) for 24 h in EBSS in the presence or
absence of IL-1b (10 ng/ml) or. Thereafter, cells were
incubated in DMEMC 1% FBS with or without IL-1b for
24 h. This procedure has been deﬁned according to the
previous experiments showing that a 24-h treatment with
H2O2 was required to obtain an optimal activation of AP-1.
H2O2 pre-treatment strongly reduced type II collagen and
aggrecan expression (80%) [Fig. 5(A,B), comparison oflane 1 to lanes 3 and 4]. The inhibition exerted by the
oxidative stress was comparable to that induced by IL-1b
after a 24-h pre-incubation. Addition of IL-1b to cells pre-
treated with H2O2 did not signiﬁcantly modify the inhibition
of matrix gene expression.
H2O2 AND IL-1b INDUCE THE UP-REGULATION
OF MMP GENE EXPRESSION
To determine the effect of H2O2 and IL-1b on catabolic
genes, BAC were submitted to two subsequent incubations,
as previously described. Pre-treatment with H2O2 increased
MMP-1 and -3 expression [Fig. 6(A,B)]. Levels of MMP-1
mRNA were increased by 100 folds when cells were pre-
incubated with 50 mM H2O2 and by 85 folds with 100 mM
H2O2 [Fig. 6(A), lanes 3 and 4, compared to lane 1]. Pre-
treatment with IL-1b enhanced MMP-1 (type I collagenase)
expression to similar levels [Fig 6(A), lane 2 compared to
lane 1]. The expression of MMP-3 (stromelysin-1) was also
elevated by H2O2 in a similar manner, reaching the same
values as for IL-1b [Fig. 6(B), lanes 2 and 3 compared to
lane 1]. Pre-treatment with 50 mM and 100 mM H2O2B
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(B) mRNA expression. Conﬂuent cultures were treated for 24 h with
IL-1b (10 ng/ml) or/and H2O2 (50 or 100 mM) in EBSS and
incubated for an additional 24-h period in DMEMC 1% FBS, in
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mRNA were analyzed by real-time PCR. Data obtained were
normalized with 18 S RNA as a reference. The values are
expressed as meansG S.E.M. of three experiments. Statistical
signiﬁcance between control and treated cells (***P! 0.001) has
been determined by Student’s t test.
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Fig. 6. H2O2 and IL-1b increase type 1 collagenase (MMP-1) (A)
and stromelysin-1 (MMP-3) (B) mRNA expression. Conﬂuent cells
were treated as described in Fig. 5. Total RNA was extracted and
used in quantitative PCR to determine the steady-state levels of
MMP-1 (A) and MMP-3 (B) mRNAs. Data obtained were
normalized with 18 S RNA and expressed as meansG S.E.M. of
three experiments. Statistical signiﬁcance of difference between
control and treated cells was determined by Student’s t test
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921Osteoarthritis and Cartilage Vol. 13, No. 10followed by a treatment with IL-1b for 24 h did not
signiﬁcantly alter MMP-1 and -3 up-regulation [Fig. 6(A,B),
lines 5 and 6].
H2O2 EXERTS SIMILAR STIMULATING EFFECT AS IL-1b
ON TGF-b1 GENE EXPRESSION
The pro-inﬂammatory cytokine IL-1b is known to activate
TGF-b1 expression in cultured chondrocytes. Given that we
found similar effects of H2O2 and IL-1b on matrix gene and
MMP expression in our experiments, we also searched for
an effect of H2O2 on TGF-b1 expression, using identical
conditions. Data shown in Fig. 7 indicate that pre-incubation
with IL-1b increased TGF-b1 mRNA expression to the same
level as H2O2 (about 80%) (Fig. 7, lanes 2e4). In contrast,
pre-treatment with 50 mM H2O2, followed by incubation with
IL-1 for 24 h, suppressed the activation of TGF-b1
expression (Fig. 7, lane 5 compared to lane 1). Moreover,
addition of IL-1b for 24 h in cells pre-treated with 100 mM
H2O2 slightly reduced the H2O2-induced TGF-b1 activation.
Discussion
Accumulating evidence suggests that ROS may play
a role in the etiology of cartilage matrix degradation in joint
diseases25,33. In these pathological states, ROS can be
produced in high levels by polymorphonuclear leukocytes
and macrophages, and also by chondrocytes. In this
regard, it has been previously reported that rabbit
chondrocytes exposed to Interferon-g or TNF-a released
greater amounts of hydrogen peroxide (H2O2)
34. ROS,
including H2O2, may alter the activity of some crucial
transcription factors and, subsequently, the matrix gene
expression of chondrocytes. Therefore, we were interested
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Fig. 7. H2O2 and IL-1b stimulate TGF-b1 mRNA expression.
Conﬂuent BAC were treated as described in Fig. 5. Total RNA was
extracted and used in quantitative PCR to detect the expression of
TGF-b1. Data obtained were normalized with 18 S RNA. The
values are expressed as meansG S.E.M. of three experiments. A
statistical signiﬁcance between control and treated cells
(***P! 0.001) has been determined by Student’s t test.in examining the ability of exogenous H2O2 to inﬂuence
the DNA-binding activity of two major transcription factors
(NF-jB and AP-1), and the associated changes in both
anabolic and catabolic effects on chondrocyte matrix. We
focused on NF-jB and AP-1 because of their crucial role
in inﬂammatory and degenerative diseases35, the pres-
ence of cis-binding elements for these proteins in a number
of gene promoters, including metalloproteinases36, and
their sensitivity to ROS in various cell types35e37.
We found that a 3-h treatment with IL-1 induced an
activation of NF-jB but this effect disappeared when
chondrocytesweremaintained, thereafter, in normalmedium
for 24 h (1% FBS). However, the IL-1 action could not be
mimicked by the same incubation with H2O2. This data is
in agreement with a previous report suggesting that IL-1b-
induced NF-jB activation is not mediated by H2O2 but
rather by the superoxide radical10, another type of ROS
produced by chondrocytes38. Such interpretation is
reinforced by the fact that the combination of H2O2 with
IL-1b was found here to signiﬁcantly reduce the NF-jB
DNA-binding activity.
In contrast to NF-jB, AP-1 was activated by both IL-1b
and H2O2. However, our experiments showed that AP-1
requires a longer time delay to be observed since more than
3 h were necessary to detect increased DNA binding.
Similar observation has already been reported for ROS-
stimulated endothelial cells39. However, a shorter time for
activation of AP-1 was previously found in bovine chon-
drocytes10. There is no clear explanation for such a discrep-
ancy, except that this may be due to the fact that
our chondrocytes were used at conﬂuency instead of
proliferative state in that previous report, and that our
treatment with IL-1b or H2O2 was performed after 8 days
following cell seeding rather than 24 h after dissociation. The
level of AP-1 activation observed after 24-h incubation with
H2O2 was comparable to that induced by a 24-h IL-1b
treatment. All together, the data on AP-1 conﬁrm that H2O2 is
a major mediator of IL-1-induced activation in chondrocytes.
The fact that AP-1 activation required a longer time period
than that of NF-jB could be explained by the differences in
their respective activating processes. AP-1 may result from
a mechanism of neosynthesis, implicating its subunits c-Fos
and c-Jun, whereas NF-jB involves nuclear translocation of
pre-existing factors sequestered in the cytoplasm. It has
been reported that activation of AP-1 in BAC treated with
H2O2 or IL-1b was mediated by upstream phosphorylation
of mitogen-activated protein kinases (MAPK) JNK and
MAPK ERK 1/226. Then, the activation of these MAPKs
induces the phosphorylation of AP-1 and up-regulation of
genes encoding c-Fos and c-Jun subunits40.
H2O2 is involved in signal transduction pathways and
thus alters the activity of multiple protein kinases and
phosphatases. It modiﬁes the activity of transcription
factors, oxidizing free SH groups in cysteine residues to
form disulﬁde bridges and also by oxidizing methionine
residues to sulfoxides and sulfones. Accordingly, through
a complex set of molecular events, H2O2 activates and/or
represses gene expression41,42. Therefore, we investigated
the inﬂuence of H2O2 on genes relevant to the matrix
metabolism of chondrocytes, in comparison with IL-1b. In
these experiments, cultures of chondrocytes were treated
with IL-1b and/or H2O2 for 24 h, a time period previously
shown to induce AP-1 activation. Our results indicate that
transcription of type II collagen and aggrecan core protein
genes was dramatically reduced by both IL-1b and H2O2
treatment. Conversely, MMP-1 and MMP-3 gene transcrip-
tion was enhanced in the same experimental conditions.
922 G. Martin et al.: Comparative effects of IL-1b and H2O2 on gene expression in chondrocytesThe increase in MMP-1 and MMP-3 is likely to result from
AP-1 activation since the promoters of several MMPs are
known to contain AP-1 responsive11,43 elements which are
sensitive to redox regulation44. In this regard, our data are in
agreement with a previous study showing that inhibition of
IL-1-stimulated MAP kinases and AP-1 transcription factor
down-regulates MMPs gene expression in BAC45. The
same mechanism applies to H2O2 action since hydroper-
oxide can also phosphorylate MAPK and activate AP-126,33.
Although the mechanism whereby H2O2 inhibits pro-
teoglycan synthesis is not well understood, a possible
explanation could be that DNA damage occurred at, or
before, the core protein synthesis46. In that case, amino
acid modiﬁcation of the core protein and the inhibition of
proteoglycan production could result from DNA damage
and/or dysfunction of the translation mechanism. A corre-
lation with the activation of AP-1 cannot be excluded since it
has been reported that the expression of the AP-1 subunit
c-Fos inhibited proteoglycan synthesis in transfected
chondrocytes47. Furthermore, nitric oxide (NO) could be
implicated in the decrease of proteoglycan synthesis
because H2O2 is known to stimulate iNOS transcription
10,11
and the subsequent formation of NO may inhibit pro-
teoglycan production48.
Strong evidence supports the notion that distinct cell
types within a single animal species, as well as similar cell
types derived from different animal species, may express
signiﬁcant differences in their response to ROS. This may
be the case for H2O2 effect on collagen synthesis. H2O2 has
been reported to be a mediator of the ﬁbrogenic actions of
acetaldehyde and TGF-b1, mediating the increased de-
position of type I collagen in hepatic stellate cells49. In
contrast, articular chondrocytes were found here to respond
by an inhibition of type II collagen synthesis to H2O2
treatment. Similar data have been obtained on cardiac
ﬁbroblasts, regarding the expression of ﬁbrillar procollagens
a1(I), a2(I) and a1(III) and nonﬁbrillar procollagen a1(IV) and
a2(IV) mRNAs
50. These differences may be related to the
nature of the transcription factors implicated in the
regulation of the various collagen genes and their relative
redox sensitivity. Regarding the regulation of type II
collagen synthesis, we have recently demonstrated that
IL-1b exerted its inhibitory effect on COL2A1 gene
transcription in BAC through an increase of the Sp3/Sp1
ratio51. Egr-1 has also been reported to be involved in IL-1
down-regulation of type II collagen synthesis, by binding to
the promoter of COL2A1 and preventing the binding of Sp1,
the factor which activates transcription52. Similar mecha-
nism also applies to TGF-b-induced inhibition of type II
collagen in rabbit articular chondrocytes53. Interestingly,
Sp1 (and probably Sp3) and Egr-1 are also redox sensitive,
their DNA-binding activity being impaired in vitro by
hydrogen peroxide and thiol-modifying reagents54,55.
Therefore, it is likely that IL-1-induced H2O2 mediates the
inhibition of type II collagen synthesis in chondrocytes
through modiﬁcations of the relative DNA-binding activity of
these transcription factors, resulting in variation of the Sp3/
Sp1 ratio for example, or the decrease of Egr-1 binding. It is
also interesting to notice that both IL-1b and H2O2 were
capable of stimulating TGF-b1 expression in our experi-
ments, suggesting that an autocrine loop can participate in
the down-regulation of type II collagen in chondrocytes.
In conclusion, the results presented here show that H2O2
may have profound effects on the extracellular matrix
of cartilage by up-regulating metalloproteinases and re-
ducing synthesis of the tissue-speciﬁc components. They
conﬁrm that the mechanisms involve modiﬁcation of AP-1DNA-binding activity, but not that of NF-jB. Since H2O2 is
a major ROS induced by IL-1b, this study reinforces the
inhibition of ROS production in joint as an efﬁcient strategy
to prevent cartilage degradation in articular diseases.
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